Abstract
authors, covering from three to six parameters, which are necessary to determine solutes solubility. But these empirical correlations require accurate experimental solubility data in order to obtain the best coefficients of the models.
On the other hand, using theoretical models such as cubic equation of state require the knowledge of the solute (dyes here) properties including critical properties, acentric factor, molar volumes and sublimation pressure. These properties should be calculated using some group contribution method if these data are unavailable in the literature [30] .
Based on Pitzer correlations [31] for the compressibility factor and virial equation, a new equation of state has been developed in this study as the supercritical fluids are assumed like a gas in modeling. The new equation is a function of n, total number of atoms present in the solute molecule, and T b , normal boiling point temperature and reduced temperature. Solubility data of thirty dyes and sixty drugs are collected from literature and correlated with the Peng-Robinson EOS [32] plus the two adjustable parameters van der Waals mixing rules, and the proposed EOS. Two types of components i.e. dyes and drugs are used to ensure the generality of the obtained EOS. As the results show, the proposed EOS presents more accurate predictions for solubility data in Supercritical Carbon Dioxide.
Theoretical 2.1 Peng-Robinson EOS (PR EOS)
The solubility of a solute at equilibrium with a supercritical fluid can be calculated using Eq. 1.
In solubility calculation using Eq. 1, an equation of state is used to calculate the fugacity coefficient which representing the non-ideality of the fluid phase ϕ 2 SCF . Here P sat 2 is the saturation pressure of solute, which can be measured experimentally or calculated using some estimation methods from literature. ν 2 l is the molar volume of the solute.
The Peng-Robinson equation of state (PR-EOS) which is commonly used in studies is defined as follows.
For a binary mixture the PR-EOS needs some mixing rules. In this study we employed the van der Waals (vdW) mixing rules, with two adjustable parameters, k ij and l ij (vdW2). k ij and l ij are the binary interaction parameters which are obtained by fitting experimental data and through minimization of an objective function. The fugacity coefficient for a component i in a mixture is given by Prausnitz using mixing rules as follows [33] .
Here y j is the mole fraction of component j.
Theory of Proposed Equation of State
For development of the new EOS, Berlin virial EOS which is power series in pressure has been used preferably. Here the function f (0) represents the reduced second virial coefficient for simple fluid, i.e. ω = 0 and the function f (1) is a correlation represents the effect of eccentricity. These two functions were obtained from experimental data and modified by [35] . Pitzer et al. proposed a second correlation for [31] .
Where B (0) and B (1) are function of T r only and given by following equations. 
(9)
(8)
(3) So following equations can be obtained for B′ and C′.
As mentioned previously,
and C (1) are functions of reduced temperature only. According to Lee and Kessler equation for acentric factor, it can be seen that ω is a function of critical temperature and pressure, and also normal boiling point temperature. As critical properties such as critical temperature and pressure for all materials always can't be measured experimentally or their values aren't available in literature, one has to use some group contribution methods like Joback and Reid method for calculation of their value. In fact, Group Contribution Methods relate these critical properties to chemical structure of materials [37] . Thus, From the work of Joback and Reid, it's can be shown that critical temperature and pressure, themselves, are a function of total number of atoms present in material, n, and normal boiling point temperature, T b , in the form of following equation.
Here θ is the critical property of interest. α, β and γ are constants for each critical property of interest. So far, we qualitatively found that acentric factor and critical temperature and pressure, and consequently virial coefficients, can be expressed as functions of n and T b . Finding these desired functions, new functions can be found for virial coefficients of Eq. 9 by introducing Eq. 15 and 16 into it and the new EOS is obtained. The experimental data of 30 dyes and 60 drugs were used to formulate the critical temperature in the form of Eq. 17 and finding its coefficients. Where there's an absent of experimental normal boiling point temperature data, one can use some group contribution method for estimation of T b . Equation 18 shows this new obtained relation in this work for T c (R 2 >0.99). The reason for such replacement is that the need for complicated calculations of chemical structure and arrangement of bonds and groups could be resolved in this way. Then the applicability of obtained new equation for T c calculation, Eq. 18, for other materials was validated using the available data of 60 drugs and it found that the Eq. 18 can be used for other materials also.
In development of the new EOS, M is defined as the ratio of P and T ( P / T ), the operating parameter of new EOS. The definition is with regard to the appearance of the reciprocal of T in Eq. 15 and 16 and P in corresponding term in Eq. 9. So by this definition, T and P are merged as the new parameter M. This definition also makes the estimation of P c possible as formulation of critical pressure in the form of Eq. 17 will never result in constant coefficients. The critical pressure appears in nominator of the critical M, M c . So by finding the functionality of M c to n and T b , the critical pressure can be determined indirectly, in other words P c can be calculated by multiplying T c into the M c . Equation 19 is derived and validated in the way described above for T c in this work (R 2 >0.99). Here A
(1) and A (2) are two different functions of new independent variables n and T b , and as well as T r , structural parameters. For development of these two coefficients of new EOS and their parameters, the obtained equations for critical properties, acentric factor, and the new parameter M are used and the coefficients of these parameters are found. Then the drugs data are used for evaluation of applicability and generality of coefficients and formulas for using for materials other than the dyes. The obtained functions of these parameters as a function of new independent variable T b and n are (All with R 2 >0.99). 
(23)
And for A (2) we have also
Although that choosing coefficients A (1) and A (2) in a Pitzer like form leads to these complicated relationships (Eq. 24-29), but attentions would be given to the accuracy that can be achieved using this EOS with these parameters which will be shown in section 4.
In order to use this new EOS for a binary mixture, Pseudo parameters are defined for the normal boiling temperature and the total number of atoms. Pseudo n and T b can be obtained by solving following system of two equations for a binary mixture (Eq. 30-31). Using experimental solubility data, the value of Pseudo n and T b can be obtained through solving the system of two equations formed employing an objective function, OF, and finding the best optimal value of the adjustable parameter K ij . Then the new EOS can be used for the binary mixture calculations with these calculated pseudo n and T b .
Finally the fugacity coefficient of component i in the fluid mixture is expressed as.
Inserting relations in Eq. 34 into Eq. 33, we get the fugacity coefficient as following function.
Material and Methods
Solubility data of thirty dyes and sixty drugs, a large number of solubility data more than 2417 data points, have been collected from literature [10, 11, . Table 1 shows the details of these solubility data, references, temperature and pressure ranges, and number of data points for each system. All estimated critical properties and molecular weight of these dyes are listed in Table 2 . These critical properties are calculated using proposed equations in this paper. In order to compare the accuracy of the new EOS with PR-EOS as a reference, it is assumed that all the experimental data are correct. The objective function, OF, has been minimized using experimental solubility data of each system of study by the well-known optimization method of genetic algorithm in MATLAB (R2009a) environment [92] . 
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Results and Discussion
The Accumulative AARD% values of each system of dyes, in order of appearance in Table 1 , for proposed EOS and PR-EOS are shown in Fig. 1 . As it can be seen, the new EOS has lower Accumulative AARD% values than PR-EOS. So, it can be concluded that the proposed EOS presented more accurate result for solubility prediction and correlation in supercritical carbon dioxide. Also as a key system (due to largest data points among other systems), Fig. 2 shows the AARD% values corresponding to system 11, AC03, at a range of temperatures. Again it can be concluded that the new EOS is more successful in solubility correlation than PR-EOS. The performance of New EOS for Drugs data is shown in Fig. 3 . We provide Fig.  4 as pressure-composition graph of D 2 , showing the fitted isotherms at 308K and the experimental points used. Studies on applicability and generality of the new EOS on other solutes (60 Drugs solubility data, 1417 data points) show that the EOS will reveal even more accurate results if the Eq. 22 extended to third order in term of M (pressure to temperature ratio). This extension and derivation of practical thermodynamics relationships from this proposed EOS will be discussed later. It's clear that the proposed EOS in this paper is able to predict and correlate the solubility of any solute in supercritical carbon dioxide.
Conclusion
In this study, solubility of thirty dyes and sixty drugs in supercritical carbon dioxide have been used for evaluation and assessment of the new proposed EOS accuracy in correlation of solubility data in supercritical fluids. The solubility data were correlated with two equation of state; PR-EOS together with two adjustable parameter van der Waals mixing and combining rules and Proposed EOS. As the results show the mean AARD for the new EOS is significantly lower than that obtained from PR-EOS. The new EOS presented more accurate prediction for solubility data in supercritical CO 2 . Fig. 1 . The Accumulative AARD% values of each system, in order of appearance in Table 1 , for proposed EOS and PR-EOS for Dyes. 
